Little is known about the methanogenic degradation of acetate, the fate of molecular hydrogen and formate or the ability of methanogens to grow and produce methane in cold, anoxic marine sediments. The microbes that produce methane were examined in permanently cold, anoxic marine sediments at Hydrate Ridge (44°35′ N, 125°10′ W, depth 800 m). Sediment samples (15 to 35 cm deep) were collected from areas of active methane ebullition or areas where methane hydrates occurred. The samples were diluted into enrichment medium with formate, acetate or trimethylamine as catabolic substrate. After 2 years of incubation at 4°C to 15°C, enrichment cultures produced methane. PCR amplification and sequencing of the rRNA genes from the highest dilutions with growth suggested that each enrichment culture contained a single strain of methanogen. The level of sequence similarity (91 to 98%) to previously characterized prokaryotes suggested that these methanogens belonged to novel genera or species within the orders Methanomicrobiales and Methanosarcinales. Analysis of the 16S rRNA gene libraries from DNA extracted directly from the sediment samples revealed phylotypes that were either distantly related to cultivated methanogens or possible anaerobic methane oxidizers related to the ANME-1 and ANME-2 groups of the Archaea. However, no methanogenic sequences were detected, suggesting that methanogens represented only a small proportion of the archaeal community.
Introduction
Methane is an important greenhouse gas, with the potential to contribute 25 times per mole as much greenhouse warming as carbon dioxide (CO 2 ) during the next century (Lashof and Ahuja 1990, Schlesinger 1997) . In marine sediments, methane is either dissolved in the pore water, a free gas or trapped within crystalline ice-like cages called methane hydrates. Molecular and isotopic data suggest that most of the methane produced in marine sediments is of biogenic origin (Cragg et al. 1996 , Kvenvolden and Lorenson 2001) ; however, little is known about the types of methanogens that produce methane there.
Generally, methanogenesis is limited in marine sediments when sulfate is present. Because of their higher affinity for hydrogen and acetate, sulfate-reducing bacteria (SRB) out-compete methanogens for these substrates Taylor 1978, Holmer and Kristensen 1994) . However studies of deep ocean sediments and sediments at the Hydrate Ridge have demonstrated that methanogenesis does occur in zones with high sulfate concentrations as well as zones of anaerobic methane oxidation (Parkes et al. 1990 , Cragg et al. 1996 , Parkes et al. 2000 , D'Hondt et al. 2004 . The limited methane production that occurs in sulfate rich sediments may be due, in part, to the activity of methylotrophic methanogens that are able to utilize substrates not metabolized by the SRB (Oremland and Taylor 1978 , Oremland and Polcin 1982 , King 1984 . Nevertheless, methane production from H 2 and CO 2 has been detected in at least some sediments with high sulfate concentrations (Parkes et al. 1990 ).
Hydrate Ridge is an area of intense scientific interest and numerous geological and geochemical (Bohrmann et al. 1998 , Suess et al. 1999 , Johnson et al. 2001 , Tréhu and Flueh 2001 , Grant and Whiticar 2002 , Rehder et al. 2002 , Carson et al. 2003 , Heeschen et al. 2003 , Teichert et al. 2003 and biological studies (Cragg et al. 1996 , Bidle et al. 1999 , Boetius et al. 2000 , Nauhaus et al. 2002 , Sahling et al. 2002 , Sommer et al. 2002 , Treude et al. 2003 , Boetius and Suess 2004 , Knittel et al. 2005 , Lanoil et al. 2005 , Nauhaus et al. 2005 have been conducted there. Uncultivated microbes belonging to the anaerobic methanotrophic groups ANME-1 and ANME-2 are the most abundant archaea in these sediments; whereas methanogens and uncultivated archaea belonging to the marine benthic groups B, C and D are typically found in lower numbers (Bidle et al. 1999 , Boetius et al. 2000 , Knittel et al. 2005 , Lanoil et al. 2005 . The microbial diversity at Hydrate Ridge is similar to that found at other methane seep and hydrate environments (Lanoil et al. 2001 , Orphan et al. 2001a , Mills et al. 2003 , Mills et al. 2005 . However, only a few investigations have specifically addressed the abundance or activity of methanogens in these environments (Cragg et al. 1996 , Bidle et al. 1999 , Marchesi et al. 2001 .
The main goal of the current study was to determine the types of methanogens that contribute to methane formation in cold marine sediments at Hydrate Ridge. Aceticlastic, CO 2 -reducing and methylotrophic methanogens were enriched in most probable number (MPN) dilutions to determine the relative abundance of each physiological type. The DNA was then extracted from the enrichment cultures to identify the methanogens. Additionally, DNA was extracted directly from sediment samples and rRNA gene libraries prepared to assess the overall diversity of archaea.
Materials and methods

Study site
Hydrate Ridge is located about 90 km off the coast of Oregon, USA (44°N, 125°W). Hydrate Ridge is approximately 10 km in length and comprises a northern and southern summit. Methane hydrates occur in the shallow sediment as well as in deeper zones . Water depth (about 700 to 900 m) and temperatures (4°C) place these seafloor gas hydrates close to their stability limit ). The gas within the hydrates consists of methane (99%), hydrogen sulfide and ethane (Kastner et al. 1998 ). Diagenic carbonate is widespread throughout and areas with active methane ebullition occur along fractures in disrupted sediments . The seeps are associated with sediment-surface communities of clams, snails and microbial mats . The work described here was conducted solely at the southern summit of Hydrate Ridge.
Sample collection
The data reported are from sediment samples collected between July 26 and July 31, 2002, during cruise 7-18 of the R/V Atlantis. The submersible DSV Alvin used push-cores to collect sediment during a series of three dives (3811-3813) at depths of 700-900 m. Sediments associated with clam beds or microbial mats were collected. On board ship, the cores were immediately subsampled by inserting the barrel of a syringe into pre-drilled holes in the push cores. Parallel cores were processed for geochemistry, microbial abundance and other biological studies, and these results have been presented elsewhere (Hill et al. 2004 , Valentine et al. 2005 .
Culture techniques and media
We used the anaerobic techniques of Hungate (1969) with some modifications (Sowers and Noll 1995) . The basal medium for characterization of these strains was MSH enrichment medium (Ni and Boone 1991) , an anoxic, bicarbonatebuffered medium containing minerals (including 0.5 M NaCl), yeast extract, peptones and a catabolic substrate: 15 mM formate, 10 mM acetate or 20 mM trimethylamine (TMA). The medium was prepared at pH 6.7 with a gas phase of CO 2 .
Methanogenic enrichments were inoculated with dilutions of sediment taken from the deepest section (i.e., 31 cm below the sediment-seawater interface) of the core and incubated at 4°C. On board ship, each of these suspensions was mixed, serially diluted and inoculated into MSH enrichment medium. Three sets of MPN enrichments from each site were prepared. In total, 54 tubes were inoculated (2 sites × 3 substrates × 3 dilutions × 3 replicates; Table 1 ). Upon returning to Portland State University, the enrichment cultures were taken into an anaerobic chamber and sealed into metal paint cans with an anoxic atmosphere. The double anoxic environment (anaerobic, sealed culture tubes placed inside sealed O 2 -free paint cans) was necessary to prevent diffusion of O 2 through the stoppers during the long incubation times necessary for growth. When the cans were opened to sample the cultures, the cultures were placed in an ice bath to prevent warming. After sampling, the cans and cultures were returned to an anaerobic chamber where the tubes were resealed into the cans and returned to the incubator. All of the tubes were incubated initially at 4°C to mimic in situ conditions and the cultures were screened periodically for methanogenesis by analyzing a sample of the headspace gas (Maestrojuán and Boone 1991).
Growth measurement
Growth was estimated from the accumulation of methane in the headspace gas of sealed culture vessels, as measured by gas chromatography (Maestrojuán and Boone 1991), taking into account the methane produced during growth of the inoculum (Powell 1983) .
DNA isolation and amplification
Environmental DNA and DNA from cell pellets were extracted by a modified cetyltrimethylammonium bromide (CTAB) method (Ausubel et al. 1994) . Initial samples were resuspended in TE buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA) for a final volume of 750 µl with 7.5% Chelex (Sigma), 0.05 EDTA (pH 7.0), 1% SDS and 200 µg of proteinase K. Samples were incubated with slow rotation for 1 h at 37°C. Chelex was removed by centrifugation. Then 100 µl of 5 M NaCl and 80 µl of 10% (w/v) CTAB in 0.7 M NaCl were added, and the samples were incubated for 30 min at 65°C. The DNA solution was extracted first with chloroform: isoamyl alcohol (24:1), then twice with phenol:chloroform: isoamyl alcohol (25:24:1). The DNA was precipitated with an equal volume of 2-propanol, washed with 70% ethanol and resuspended in 10 mM Tris buffer (pH 8.0). A portion of the 16S rDNA was amplified by PCR from genomic DNA by using the archaeal specific 4F (5′-TC-CGGTTGATCCTGCCRG-3′) and the universal primer 1492R (5′-GGTTACCTTGTTACGACTT-3′; Reysenbach et al. 1994) . Reactions contained 1.5 mM MgCl 2 , 50 mM KCl, 30 mM Tris, 12.5 mM each dATP, dGTP, dCTP and dTTP, 1 U Taq Polymerase (USB), 20 pmol of each primer and DNA template. The reactions were incubated under the following conditions: initial denaturation at 94°C for 5 min, 30 cycles of primer annealing at 53°C for 30 s, extension at 72°C for 90 s and denaturing at 94°C for 30 s, and a final extension at 72°C for 10 min. PCR products were purified with an UltraClean PCR Clean-up Kit (Mo Bio Laboratories, Carlsbad, CA).
Cloning and restriction fragment length polymorphism (RFLP) analysis
Clone libraries were prepared from sediments taken 15 to 35 cm below seep environments characterized by clam fields or microbial mats (Table 1) . Samples for DNA extraction were either frozen directly or preserved in an ethanol/phosphate buffered saline solution before freezing. Samples were stored on board ship at -20°C and were held at -20°C during transportation to Portland State University for further processing.
The PCR products were cloned into the pCR2.1 vector using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA). Plasmid DNA was prepared from isolated colonies by alkaline lysis (Sambrook and Russell 2001) . The plasmid DNA was amplified with vector specific primers: M13F (5′-GTAAAACG-ACGGCCAG-3′) and M13R (5′-CAGGAAACAGCTATGA-C-3′). The PCR-amplified inserts were digested with 1 U of the restriction endonucleases MspI and HindIII (Fermentas, Hanover, Maryland) for 3 hours at 37°C. The resulting products were separated by gel electrophoresis on a 3.0 % GenePure 3:1 (ISC BioExpress, Kaysville, Utah) agarose gel in TAE buffer. Forty-five clones were analyzed and at least one phylotype from each group (determined by RFLP banding pattern and/or ≥ 97 sequence similarity) was subject to complete nucleotide sequencing.
Sequencing of the 16S rRNA genes
Sequencing reactions were performed with the ABI PRISM Big Dye Terminator Cycle Sequencing Kit and an ABI 3100 Avant Genetic Analyzer. The complete sequences of both strands were obtained with the primers 4F (described above), 515F (5′-GTGCCAGCMGCCGCGGTAA-3′), 1100F (5′-G-GCAACGAGCGMGACCC-3′), 1492R (described above), 907R (5′-CCGTCAATTCCTTTRAGTTT-3′) and 340RA (5′-CCCCGTAGGGCCYGG-3′; Reysenbach et al. 1994) to produce an overlapping set of sequences that were assembled into one contiguous sequence by using the AutoAssembler Program (ABI).
Phylogenetic and statistical analysis
Nearly complete rRNA gene sequences from the enrichment cultures and clone libraries were manually aligned to related sequences obtain from GenBank. First, the sequences were automatically aligned with the program Clustal_X (Thompson et al. 1997 ) and then the alignments were checked manually in MacClade 4.0 (Maddison and Maddison 2003) . Predicted secondary structures served as guides to ensure correct alignment. Chimeras were identified by the method described by Ashelford et al. (2005) . Two chimeras were detected and excluded from further analysis. The phylogenetic relationships were determined by using neighbor-joining analysis in PAUP* (Swofford 2002). Ambiguous positions were excluded. The lengths of sequences used in the final analysis were 981 to 1415 bases. A bootstrap analysis was performed using 1000 trial replications. Rarefaction analysis was conducted using EstimateS version 7.5 (Colwell 1997) .
Nucleotide sequence accession numbers
The rRNA gene sequences were submitted to GenBank and have been assigned Accession numbers DQ058802 to DQ-058822 and DQ382335.
Results
Methanogen enrichments
Three 1-g samples (wet mass) from sediments taken at 31 to 35 cm depths were inoculated into MSH enrichment medium. Three other enrichment cultures were inoculated with 1 g of sediment collected from depths of 39 to 41 cm. In total, 54 tubes were inoculated (2 sites × 3 substrates × 3 dilutions × 3 replicates; Table 1 ). After one year of incubation at 4°C, methane could be detected only in the 10 -1 dilutions. The cultures were then shifted to 15°C. This temperature was chosen to increase growth rates while still enriching for psychrophilic or psychrotolerant methanogens. At the end of the second year, methane could be detected from all 10 -1 and 10 -2 enrichments with formate or trimethylamine as catabolic substrate (a total of 24 cultures produced methane). These cultures were transferred and diluted into fresh medium and into roll-tubes to isolate potentially novel methanogens. No growth was detected in the aceticlastic enrichment cultures during the two years that this study was conducted.
The DNA was extracted and amplified by PCR with archaeal specific primers and the PCR products were sequenced from the 24 cultures that produced methane during the first 2 years of incubation. The presence of unambiguous bases in the sequencing chromatographs suggested that only a single phylotype was amplified from 20 of these cultures. The sequences from four cultures contained large numbers of ambiguous bases and were discarded from further analyses. Presumably, more than one phylotype was present in the PCR amplification products for these cultures.
The CO 2 -reducing enrichments contained organisms that belonged to the order Methanomicrobiales (Figure 1 ; Table 2 ). Of these, seven cultures contained methanogens with 16S rDNA sequences that were ≥ 97 similar to each other and 96 to 98% similar to Methanogenium cariaci, a psychrotolerant methanogen isolated from marine sediments (Romesser et al. 1979) . Five other sequences formed a monophyletic clade within the order Methanomicrobiales and seemed to represent a new genus. These sequences, represented by HR-MM-Enrichment-018 and related sequences in Figure 1 , possessed only 91% similarity to Methanogenium cariaci, the most closely related described methanogen culture.
Three methylotrophic enrichment cultures contained methanogens that grouped within the Methanosarcinales. Of these, the enrichment culture HR-CF-Enrichment-017 (enriched with TMA) was the most distantly related to any cultivated methanogen (95% similar; Figure 1) . A viable enrichment culture of HR-CF-Enrichment-017 has been maintained in mineral medium with trimethylamine. This strain appears to be an obligately psychrotolerant methanogen, as the enrichment culture produced methane at 15°C but not at 20°C. Two methylotrophic enrichments contained strains with rRNA genes that were 97-98% similar to those of Methanococcoides species and may represent new species within this genus (data not shown). Five of the methylotrophic enrichment cultures contained organisms that were closely related to CO 2 -reducing methanogens in the order Methanomicrobiales. These organisms might have been growing on hydrogen produced by heterotrophic bacteria in the cultures.
Phylogeny of environmental DNA sequences
Clone libraries were constructed from sediment samples taken at 15 to 35 cm below the sediment-water interface. A total of forty-five clones were analyzed (28 from the microbial mat site and 17 from the clam field site). Unique clones, or phylotypes, were initially distinguished according to RFLP banding patterns. At least one phylotype from each group was fully sequenced. A distance matrix was used to group the phylotypes into clades of 97% or greater sequence similarity and at least one representative phylotype from each clade was included in the final phylogenetic analysis. Rarefaction curves did not reach saturation for either the microbial mat or the clam field library. Additional libraries were not prepared because of the large amount of molecular data at this site and because the initial libraries were consistent with previously published reports (Bidle et al. 1999 , Knittel et al. 2005 , Lanoil et al. 2005 . Phylogenetic analyses indicated that the diversity of archaea detected in the environmental samples was low, grouping only within four major clades (Figure 1 ; Table 2 ). The majority of the clones grouped within the Euryarchaeota (96%), and the majority of these (29/45) grouped in the Marine benthic group D (Thermoplasmales related). The remaining clones in the Euryarchaeota grouped in the ANME-1 (8/45) and ANME-2 (6/45) clades, which are associated with the anaerobic oxidation of methane (Hoehler and Alperin 1996 , Hinrichs et al. 1999 , Orphan et al. 2001a , Orphan et al. 2001b , Thomsen et al. 2001 , Hallam et al. 2004 . Clones related to marine benthic group B of the Crenarchaeota were also a minor component (4%) of the library. No methanogenic sequences were detected.
Discussion
We combined molecular and cultivation techniques to assess the diversity of methanogens at Hydrate Ridge. The clone libraries detected no sequences that were closely related to any cultivated methanogens; in fact, the environmental sequences from the clone libraries were most closely related to environmental sequences from this and other marine sediment environments (Figure 1) . Although the number of clones screened in this study was small, similar results have been reported previously at Hydrate Ridge and other methane seep environments (Bidle et al. 1999 , Lanoil et al. 2001 , Orphan et al. 2001a , Reed et al. 2002 , Knittel et al. 2005 , Lanoil et al. 2005 . Presumably, the reason that methanogens were not detected is because they are a small fraction of the archaea present. For instance, the ANME-1 and ANME-2 groups of anaerobic methane oxidizing organisms constitute about 94% of the archaeal population (3 × 10 9 archaeal cells ml -1 ) at Hydrate Ridge (Boetius et al. 2000) . In contrast, our MPN data indicated that the number of methanogens could be as small as 10 1 to 10 2 cells ml -1 . The CO 2 -reducing enrichments contained organisms belonging to the order Methanomicrobiales (Figure 1 ; Table 2 ).
Methanogens belonging to this order grow by reducing CO 2 and oxidizing H 2 , CO or formate (Boone et al. 2001) . Based on studies of carbon and hydrogen stable isotopes, Whiticar et al. (1986 Whiticar et al. ( , 1999 have suggested that CO 2 -reduction is the most important pathway of methanogenesis in marine sediments. Additionally, in deep marine sediments at the Nankai Trough, methane formation was dominated by CO 2 -reducing methanogens (Newberry et al. 2004 ). Our cultivation data are consistent with these results.
All methanogens that reduce CO 2 can use H 2 as an electron donor and many (but not all) CO 2 -reducing methanogens can also use formate. Thus, our enrichments may have selected against obligate H 2 -oxidizing methanogens that may have been present in these marine sediments. Formate was used as the electron donor because the long incubation times required to cultivate these slow growing, psychrotolerant methanogens precluded the use of H 2 , which would have diffused from the tubes during these incubations.
Methanogens that belong to the order Methanosarcinales have the broadest substrate range of methanogens: many can grow by reducing CO 2 with H 2 , by dismutating methyl compounds or by the splitting of acetate (Kendall and Boone 2004) . Methanogens closely related to Methanococcoides spp. were cultivated from these sediments. Many of the organisms in this group catabolize methylated compounds such as methylamines and methanol and have a limited capacity to reduce CO 2 (Kendall and Boone 2004) . Many osmolytes are methylated and contribute a significant fraction of the organic matter to marine sedimentary environments (Fiebig and Gottschalk 1983 , King 1984 , Vairavamurthy et al. 1985 . Thus, these compounds could be available to support methanogenesis at Hydrate Ridge.
Although we have isolated an aceticlastic methanogen from cold marine sediments in Skan Bay, Alaska (unpublished data), we were unable to cultivate aceticlastic methanogens from sediments collected at the Hydrate Ridge. In fact, of all described psychrotolerant methanogens, only Methanosarcina baltica, which was isolated from the Gotland deep of the Baltic Sea, is able to catabolize acetate (von Klein et al. 2002) . Isotopic data have suggested that acetate is only a minor precursor to methanogenesis in marine sediments, most likely because sulfate-reducing bacteria out-compete methanogens for this substrate (Whiticar et al. 1986 ).
By maintaining long-term (2 years) methanogenic enrichment cultures, we assessed the diversity of very slow growing, psychrotolerant methanogens at Hydrate Ridge. In addition to allowing for the detection and identification of methanogens that are present in the sediment in very low numbers, this approach provided inferences of physiological characteristics about the methanogens (e.g., catabolic substrates, response to temperature and pH) that cannot necessarily be inferred only from sequence data. The results of this study suggest that CO 2 -reducing methanogens have an important role in methane production in marine sediments. Further studies are being conducted at non-seep and non-hydrate marine environments to determine if these results are consistent with other marine sediment environments.
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